An analytical method was established for the determination of trace amounts of refractory metal elements (Ti, V, Zr, Nb, Mo and Ta) in high-purity iron samples by axially viewed inductively coupled plasma atomic emission spectroscopy (ICP-AES). We investigated the analytical method of a trace amount of refractory metal elements in high-purity iron matrix using cupferron coprecipitation separation procedure and by axially viewed ICP-AES with ultrasonic nebulization system and a long torch. The established analytical procedure was as follows. A 1.0 g of high-purity iron sample was decomposed with 150 cm 3 of hydrochloric acid (1 + 4) by heating on a hot plate at 453 K. After cooling the sample solution to room temperature, we added 10 cm 3 of ascorbic acid solution and cupferron solution to it, and then separated analyte elements. After filtration, the precipitate and residue were decomposed with 10 cm 3 of nitric acid and 10 cm 3 of perchloric acid, and evaporated to dryness. After leaving cool, salts were dissolved with nitric acid. The sample solution was determined by axially viewed ICP-AES with ultrasonic nebulization system and a long torch. For the controlled matrix concentration, the good precisions and accuracy were obtained by using matrixmatched standard solutions for calibration curves to the ultrasonic nebulization system method. The limit of determination is considerably low in the ultrasonic nebulization system method, which thus demonstrating the effectiveness of the ultrasonic nebulization system method. The recoveries of added six elements were 100% for Ti, Nb and Mo, and 101% for V and Zr, 102% for Ta; the limits of detection were 0.03 ng cm −3 for Ti and Zr to 1.00 ng cm −3 for Ta. (Received February 18, 2002; Accepted April 30, 2002) Keywords: inductively coupled plasma atomic emission spectroscopy, ultrasonic nebulization system, axially viewed inductively coupled plasma atomic emission spectroscopy (ICP-AES), long torch, determination of titanium-vanadium-zirconium-niobiummodybdenum and tantalum, cupferron coprecipitation separation, high-purity iron sample
Introduction
The necessity of determining which component elements influence the material properties underscores the importance of establishing the concentration levels of component elements not originally contained. 1) Demand has grown for labor-efficient and fast analysis methods to achieve rapid data feedback. Quantitative trace element analyses have previously been carried out primarily by inductively coupled plasma atomic emission spectroscopy (ICP-AES). 2) Highly sensitive inductively coupled plasma mass spectroscopy (ICP-MS) [3] [4] [5] has recently come to be used as an alternative, because it is considered more suitable for trace analysis. However, it is affected significantly by the iron matrix, and various influences on the MS interface section 6, 7) can induce substantial deviations of the determined values. Separation of the iron matrix is essential. [3] [4] [5] We found these methods to be highly sensitive when we changed the ICP-AES observation viewpoint from a radial (side-on) to an axial (end-on) configuration 8) and performed the observation in combination with a long torch 9) and an ultrasonic nebulization system. 10) We found no previous examples of application of this method to trace analysis in metallic materials.
We used iron as the matrix in this study and selected refractory metal elements such as Ti, V, Zr, Nb, Mo, and Ta as the analyte elements. These element complexes were formed with cupferron, and then were quantitatively co-precipitated with an iron cupferron complex.
11) The six elements in this method were recovered simultaneously at a higher recovery rate than in the solvent extraction method 3) or the ion exchange separation method, 4, 5) and further preparation of solutions can be accomplished easily. Therefore, this method is specified as the JIS method 12) for determining Zr. There is a report on the analysis of these elements conducted by ordinary radially viewed ICP-AES 13) using a sample solution prepared according to the JIS method. The sample solution obtained by this method was not suitable for ultrasonic nebulization system/axially viewed ICP-AES measurement, because the matrix concentration is high and difficult to keep constant. Therefore, it was necessary to seek a sample preparation method suitable for measurement. In this study, we considered sample preparation methods that focus on control of the matrix concentration, optimization of the measurement conditions for an ultrasonic nebulization system/axially viewed ICP-AES, and the memory effects of an ultrasonic nebulization system. We used the cross-flow nebulizer method for a cross check. A highly accurate method to determine trace amount elements was established as a result.
Experimental

Instrumentation
We used a Kyoto Koken Model UOP-2 MARK II highdispersion echelle ICP spectrometer. The apparatus used a Fassel-type long torch made of quartz combined with an ultrasonic nebulizer system (Precision Inst.).
9) ICP-AES measurement was conducted using a monochromator under measurement conditions that included a wavelength modulation width of 80% and signal integration time of 5 s. We used the analytical lines of each element listed in Table 1 and a PGC-557 ultrasonic nebulization system (Precision Instrumentation Inc.), which consists of an ultrasonic nebulizer (15 cm 3 ), a heater (heating temperature, 274 to 523 K; length, 150 mm; inner diameter, 10 mm), a condenser (cooling temperature, 274 to 283 K; length, 150 mm; inner diameter, 10 mm), and a sample introduction section that uses a peristaltic pump (30 rpm). Tygon pipe (inner diameter 1.5 mm, outer diameter 3.0 mm, length 450 mm) and Teflon pipe (inner diameter 8 mm, length 1000 mm) were used for sample solution introduction and for sample solution transfer from the system to the ICP torch, respectively. Strontium solution (2 µg cm −3 ) was used for the optical axis adjustment.
10)
Reagents and standard solutions
We used high-purity hydrochloric acid and nitric acid (Kanto Chemical, for high-purity electric industries (EL)) and perchloric acid (Kanto Chemical, for atomic absorption spectrometry) to dissolve the samples. L(+)-ascorbic acid and cupferron (Kanto Chemical, special class reagent) were used for the separating operation. High-purity iron (standard materials of the Japan Iron and Steel Federation, JSS 001-2) was used as the matrix. Distilled water purified by Milli-Q SP TOC (Japan Millipore) was used as primary water for preparing and diluting the sample solution. The various solutions were prepared as follows. Hydrochloric acid for dissolving samples (1 + 4) and hydrochloric acid for cleaning (1 + 10): Hydrochloric acid was diluted with pure water to the required concentration. Hydrochloric acid for cleaning was cooled to below 283 K before use.
Nitric acid as diluents (1 + 100, 5 + 100 and 10 + 100): Nitric acid was diluted with pure water to the required concentration. Ascorbic acid solution (10%): 10 g of L(+)-ascorbic acid was dissolved in 80 cm 3 of water and then diluted with pure water to a volume of 100 cm 3 ; it was prepared at each time of use. Cupferron solution (6%): 6 g of cupferron was dissolved in 80 cm 3 of water and then diluted with pure water to a volume of 100 cm 3 ; it was prepared at each time of use. Sodium thiocyanate solution (10%): 10 g of sodium thiocyanate was dissolved in 80 cm 3 of water and then diluted with pure water to a volume of 100 cm 3 . Standard solution (1.0 µg cm −3 ): The standard solutions of the six elements in use (1.000 mg cm −3 ; Kanto Chemical, for atomic absorption spectrometry) were mixed and then diluted with pure water. Iron nitric acid solution (10 and 20 mg cm −3 ): 1.0 or 2.0 g of high-purity iron was dissolved in 20 cm 3 of nitric acid and 20 cm 3 of pure water by heating and was then diluted with pure water to a volume of 100 cm 3 .
Analytical procedure
A sample of 1.0 g of high-purity iron in a conical beaker (300 cm 3 ) was decomposed with 150 cm 3 hydrochloric acid (1 + 4) by heating on a hot plate at 453 K. It was cooled to room temperature, and 10 cm 3 of ascorbic acid solution was subsequently added; it was then cooled to 283 K, at which point we added 10 cm 3 of cupferron solution. The solution was passed through filter paper (ADVANTEC TOYO, No. 5A) after a 40-minute interval and was then cleaned thoroughly with hydrochloric acid (1+10) until iron ions were no longer detectable in a sodium thiocyanate solution. The precipitate and filter paper were returned to the original beaker, and 10 cm 3 of nitric acid and 10 cm 3 of perchloric acid were added and dissolved by heating at 453 K. We allowed white smoke to be generated continuously at 523 K and evaporated to dryness at 453 K. It was left to cool, after which the salts were dissolved by the addition of 5 cm 3 of nitric acid. It was then again evaporated to dryness at 453 K.
The salt was dissolved in 20 cm 3 of nitric acid as diluent (1 + 100), it was transferred to a 100 cm 3 measuring flask, and nitric acid was added as diluent up to a marked line. A flow chart of the analytical procedure is provided in Fig. 1 . The standard solutions for calibration curves of the six elements were prepared as follows. We prepared several 100 cm 3 measuring flasks and added 5 cm 3 (0.5 mg cm −3 ) of iron nitric acid solution to each of them, and then stepwise added 0 to 10 cm 3 (0 to 100 ng cm −3 ) of the standard solution consisting of six elements. A blank test solution was prepared in the same way as the sample solution for each examination item. We set the measurement conditions as listed in Table 1 and measured the sample solutions and the standard solution for calibration curves. We adopted the emission intensity value obtained by deducting the emission intensity of the blank test solution from the emission intensity of the sample solution containing the element to analyze.
Results and Discussion
Analytical lines
The analytical lines to be used in this study were investigated as follows for each element. We prepared solutions of iron matrix (Fe, 0.5 mg cm −3 ; six elements, 0 ng cm −3 ) and solutions without iron matrix (Fe, 0 mg cm −3 ; six elements, 100 ng cm −3 ). Ten wavelengths selected from the MIT wavelength table 14) were chosen for each analyte element and spectral profiles were measured by radial ICP-AES using the solutions. The analytical lines for each analyte were chosen based on profiles with normal Gaussian distribution and higher emission intensity.
Measurement conditions
The operating conditions of ICP-AES were investigated using two types of solution, the iron matrix solution (Fe, 0.5 mg cm −3 ; six elements, 0 ng cm −3 ) as a blank test and the solution without iron matrix (Fe, 0 mg cm −3 ; six elements, 100 ng cm −3 ). The heating temperature (413 K) and cooling temperature (278 K) were set for the ultrasonic nebulization system. The analytical lines selected in [Section 3.1] were set for the ICP-AES. Two types of solution were alternately nebulized (n = 3) within a range from 0.9 to 1.5 kW for the radio frequency (RF) power, with the carrier gas flow rate set to 0.8 dm 3 min −1 . Two types of solution were alternately nebulized (n = 3) within a range of 0.6 to 1.0 dm 3 min −1 for the carrier gas flow rate, with the RF power set to 1.4 kW.
The operating conditions of the ultrasonic nebulization system were investigated using two types of solution and the ICP-AES operating conditions (RF power, 1.4 kW; carrier gas flow rate, 0.8 dm 3 min −1 ) selected above. Two types of solution were alternately nebulized (n = 3) within a range of 293 to 433 K and the cooling temperature was set to 278 K for the heating temperature selection. Two types of solution were alternately nebulized (n = 3) within a range of 276 to 300 K and the heating temperature was set to 413 K for the cooling temperature selection. We measured the S/B ratio (S, emission intensity of the sample solution; B, emission intensity of the blank test solution) under various conditions and verified the most favorable circumstances for obtaining the maximum S/B ratio to determine the optimum conditions. The results Fig. 2 The relationship between the additional volume of cupferron solution for co-precipitation and the spectral intensities of 6 elements by axially viewed ICP-AES. Fe: 1 g, Element: 100 ng cm −3 , cupferron solution: 6%.
are shown in Table 1 .
Effect of the amount of cupferron
We investigated the relationship between the amount of cupferron solution and the recovery of the six elements. Six types of sample solution and a blank test solution were prepared as follows: 1 g of high-purity iron was put into six conical beakers (300 cm 3 ) and 10 cm 3 (1.0 µg cm −3 for each element) of the six-element mixed standard solution was added to each conical beaker. The preparation process for the sample solution is depicted in Fig. 1-A. Subsequently, 2, 4, 6, 8 , 10, or 12 cm 3 of cupferron solution was added, and the operation continued as described in Fig. 1-B . The addition of the six-element mixed standard solution was omitted in the blank test solution preparation. These sample solutions were measured using the ultrasonic nebulization system. The results are shown in Fig. 2 . The emission intensity of each element in relation to the volume of cupferron solution added became constant when the volume exceeded 4 cm 3 for Ti, Zr, Nb, Mo, and Ta and when it exceeded 9 cm 3 for V. Thus, the volume of the cupferron solution in this study was set at 10 cm 3 to ensure sufficient recovery of the six elements. Measurement of the same sample solutions using the cross-flow nebulizer method revealed that the trend of emission intensity in relation to the volume was almost the same, even though the emission intensities of the six elements were a small fraction of those obtained by the ultrasonic nebulization system. However, an investigation into possible reduction by the ascorbic acid solution indicated that the degree of recovery without any reduction was generally lower by 10 to 15% for every element regardless of the sample introduction method, and it was remarkably low for vanadium. We did not use sodium hydrogen sulfide in this study because of the interference due to residual Na ions.
Effect of the iron matrix concentration
We examined the washing times necessary to remove excess iron adsorbed on the precipitate. We prepared six types of sample solution by putting 1 g of high-purity iron into six Number of Washing, time Fig. 3 The relationship between the number of washing and the concentration of iron.
300 cm 3 conical beakers and performing the operation as described in Fig. 1-A . We cleaned the co-precipitate 5, 7, 9, 11, 13, and 15 times during filtering and continued the operation as described in Fig. 1-B . The obtained sample solutions reached the proper dilution with nitric acid diluents (1 + 100), and they were measured by radial ICP-AES using a conventional torch. The iron content was obtained from the calibration curves prepared previously for iron. The iron content in the sample solution decreased with an increase in the number of washings and became constant after 11 washings, as shown in Fig. 3 . In this case, the iron content of the sample solution was 0.5 mg cm −3 . We re-washed the precipitate 13 times. We verified whether cleaning was completed by dropping sodium thiocyanate solution into the filtered solution.
We then examined the effect of the iron matrix concentration on the ultrasonic nebulization system/ICP-AES measurement. Sample and blank test solutions were prepared as follows. We put from 0 to 2.0 mg cm −3 of the iron nitric acid solution into several 100 cm 3 measuring flasks and added the standard solution containing 100 ng cm −3 of each of the six elements. We measured the emission intensity of these solutions (n = 3); the results are shown in Fig. 4 . The emission intensity for each element decreased as the iron content increased. The primary cause of this decrease was considered to be physical interference from the coexisting iron. 15) The emission intensity for each element decreased by 5 to 10% at an iron concentration of 0.1 mg cm −3 , 12 to 14% at 0.5 mg cm −3 , 20% at 1.0 mg cm −3 , and slightly more than 30% at 2.0 mg cm −3 . These trends were the same as those obtained by Budic, 16) even though the matrix element differed from iron. The coefficient of variation of the emission intensity was 3% or less at 0.1 mg cm −3 , 3 to 4% at 0.5 mg cm −3 , 10 to 13% at 1.0 mg cm −3 , and 14 to 16% at 2.0 mg cm −3 . A matrix element concentration up to 0.5 mg cm −3 can be considered suitable for determination despite the fact that a decrease in emission intensity could be observed. Similar measurements (n = 3) were also carried out for these sample solutions using the cross-flow nebulizer method. While the decrease in emission intensity of the elements was no greater than in the ultrasonic nebulization system method, the emis- sion intensity of each element was lower than in the ultrasonic nebulization system at any iron matrix concentration. The variation coefficient in this case was 3 to 5% at 0.1 mg cm −3 , 5 to 8% at 0.5 mg cm −3 , 11 to 13% at 1.0 mg cm −3 , and 15 to 18% at 2.0 mg cm −3 .
Effect of the acid concentration
We prepared sample solutions with three acid concentration strengths by diluting the standard solution with nitric acid as diluent (1 + 100, 3 + 100, 5 + 100) to obtain 100 ng cm −3 of each of the six elements for an examination of the effect of the acid concentration. The concentration measurement of the six elements was performed using the ultrasonic nebulization system. A comparison with the emission intensities (n = 3) of the six elements diluted with the nitric acid (1 + 100) indicated that the emission intensities of the six elements decreased by 2 to 3% for an acid concentration of 3 + 100 and 8 to 9% for 5 + 100. No substantial change was observed in the coefficient of variation of the emission intensity; for example, the variation coefficient of the emission intensity was 2% or less at (1 + 100) and (3 + 100) and 4 to 6% at (5 + 100). However, the effect of acid concentration on emission intensity was smaller in the cross-flow nebulizer method than in the ultrasonic nebulization system method, although the variation of the emission intensity was twice as large in the ultrasonic nebulization system method for each element. The concentration of nitric acid that had the smallest effect on the emission intensity, i.e. (1 + 100), was selected for this study.
Memory effects of the ultrasonic nebulization system
A sample solution containing 0.5 mg cm −3 of iron and 10 µg cm −3 of the six elements was aspirated for 10 min. Pure water (as a washing agent) was then aspirated for 30 seconds. The interior of the tube of the ultrasonic nebulization system was then washed by injection of 50 cm 3 of dilute hydrochloric acid (1 + 5) and 50 cm 3 of pure water into the tube. The washing agent was recovered for determination of the content of iron and the six elements. The pure water was aspirated for 60, 90, and 120 seconds. The washing agent (diluted hydrochloric acid (1 + 5) and pure water) in each case was recovered, and the content of iron and the six elements was determined.
The iron content decreased as the washing time increased as a result of the measuring washing agent; it was several µg cm −3 after 30 seconds of washing, and almost no iron was detected after 90 seconds of washing. In contrast, the concentration of the six elements became 10 ng cm −3 or less after 30 seconds of washing, and almost no such elements were detected after 60 seconds of washing. We used 90 seconds, based on these results. Nishikawa et al. 15) used a washing time of 60 seconds to determine trace elements in environmental water samples.
Recovery
The sample solution was prepared according to the analytical procedure described in Section 2.3; a weighed-out 1 g of high-purity iron was transferred into a beaker (300 cm 3 ) and 10 cm 3 (each element: 1.0 µg cm −3 ) of the six-element mixed standard solution was added. The addition of the six-element mixed standard solution was omitted in the preparation of the blank test solution. They were measured (n = 10) using the ultrasonic nebulization system method. The detected quantities were obtained from matrix-matched calibration curves, and the results are shown in Table 2 ; the detected quantities were calculated by subtracting the blank test values. Recovery of the six elements was nearly complete. Similar results were obtained from the cross-flow nebulizer method as well, with which simultaneous recovery of the six elements was confirmed.
Calibration curves and the background equivalent concentration (BEC)
The effect of the iron matrix concentration on the emission intensity of the six elements was observed using the ultrasonic nebulization system method, as discussed in Section 3.4. It was thought that this effect primarily results from physical interference. We conducted examinations using the following method to eliminate such effects. The matrix effect of iron on the background and the emission intensities of the six elements were compensated by using the matrix-matched standard solution for the calibration. Preparation was performed as follows. The standard solution for calibration curves containing 0.5 mg cm −3 of iron matrix and various concentra- tions (0, 5, 10, 50, and 100 ng cm −3 ) of the six elements was prepared with nitric acid (1 + 100). Next, five conical beakers (300 cm 3 ) were prepared, 1.0 g of high-purity iron was weighed out and added to each of them, and various concentrations (0, 5, 10, 50, and 100 ng cm −3 ) of the six-element mixed standard solution were added. The analytical procedure described in Section 2.3 was subsequently applied. Two types of calibration curve were measured for each element using the ultrasonic nebulization system method for comparison. The calibration curves of the six elements showed satisfactory linearity accompanied by good gradient matching among them, regardless of the preparation method. The background equivalent concentration (BEC) was defined as the concentration of each element that was equivalent to the background intensity. The BEC values are shown in Table 3 . The BEC values were satisfactorily matched in both cases. Thus, we decided to adopt the matrix-matching method to prepare the calibration curves.
Limit of detection
The detection limit was defined as the concentration that yielded three times the standard deviation (3σ ) of the background intensity. The detection limit was measured (n = 10) by the ultrasonic nebulization system method using an iron nitric acid solution (0.5 mg cm −3 ) as a blank test solution. The results are shown in Table 4 together with those obtained by other methods.
17) The ultrasonic nebulization system improved the detection limit analyzed in the present work in comparison with ordinary pneumatic nebulization. 
Application to samples
Certified reference materials (Japan Iron and Steel Federation: JSS 003-2) were analyzed using this method. Calibration curves were prepared using the matrix-matching method. Satisfactory accuracy and precision were obtained for Mo and four elements, except for Ta, as shown in Table 5 . The overall tantalum analytical lines were weaker than the other elements' analytical lines (Ti, V, Zr, Mo and Nb). However, we used Ta 263.558 nm as the most suitable analytical line, as it was the strongest of several tantalum spectral lines. The limit of detection was improved considerably (see Table 4 ). The lower minimum limit of determination was not obtained. The high purity iron JSS 003-3 (as an actual sample) was determined (Table 6 ). The analytical values of the six elements were not certified. However, significant and unchanged recoveries (see Table 2 ) can be adequately certified by the analytical values, except for those below the detection limit of tantalum.
Conclusions
We established an axially viewed ICP-AES method by using an ultrasonic nebulization system and a long torch. The optimizing measurement conditions were examined. This method was applied to determine the trace amount of refractory metal elements in high-purity iron by the cupferron coprecipitation separation procedure. The addition of a standard solution (Fe: 0.50 mg cm −3 ) corresponding to the coprecipitated iron content in the preparation for calibration curves increased analysis accuracy of the ultrasonic nebulization system. The limit of detection in this method is considerably lower than in the pneumatic nebulizer method, thus demonstrating the effectiveness of the ultrasonic nebulization system. It was possible to minimize the memory effect of the ultrasonic nebulization system method by selecting an appropriate cleaning time. Applying this method enabled us to obtain satisfactory accuracy and precision for the samples (JSS 003-2 and 003-3). This method is suitable for determining refractory trace elements.
